Corylus avellana L., C. colurna L. and C. maxima Mill. have been used in traditional medicine for a long time for the treatment of various diseases, such as phlebitis, varicose veins, haemorrhoidal symptoms and eczema. Our previous studies indicated the presence of flavonol-3-O-glycosides, diarylheptanoids and caffeic acid derivatives in the bark and leaf extracts of the three species mentioned above. Comparison of in vitro DPPH scavenging activity of the Corylus extracts prepared with ethyl acetate and methanol to those of well-known antioxidant phenolics was performed. The contribution of certain compounds to the total antioxidant activity of the extracts was investigated by developing a HPLC method coupled to the DPPH radical scavenging assay.
The leaves of Corylus avellana L. (Common Hazel, Betulaceae), a plant with wide distribution in Europe, have been used in folk medicine for various diseases, such as phlebitis, varicose veins and haemorrhoidal symptoms, and also for their slight anti-microbial effect [1a-d] . The leaves of C. maxima (Mill.), Filbert, have also been used in traditional medicine for a long time: internally as a decoction for eczema, and externally, the pieces of leaves for treating swelling and rash [2] . C. colurna L. (Turkish Hazel) has been reported to possess antibiotic activity against Gram-positive and -negative bacteria [3] and also notable antioxidant activity [4] . Our previous papers have reported the presence of flavonoid and caffeic acid derivatives, as well as diarylheptanoid-type phenolics in the leaf extracts of the three species [5a-c] (Figure S1 ). The previously mentioned plant phenolics are widely reported to act as antioxidants by scavenging free radicals, thus comparison of in vitro DPPH scavenging activity of the Corylus extracts prepared with ethyl acetate and methanol to those of well-known antioxidant phenolics was chosen as the starting point of the present study. The main compounds of the investigated extracts were identified as myricetin-3-O-rhamnoside and quercetin-3-O-rhamnoside, while the two most abundant diarylheptanoids were oregonin and hirsutenone [5a-c] . Quantities of these constituents were determined by a HPLC-MS/MS method previously developed by our research group [5a-c] . The aim of our study was the development of an HPLC-DPPH method [6] in order to investigate the contribution of certain compounds to the antioxidant activity of the Corylus extracts.
Based on the results of the in vitro scavenging activity tests (Figure 1 ), it could be concluded that all the extracts possessed notable DPPH free radical quenching ability (with IC 50 values not higher than 50 μg/mL) (Table S1 ). For reasons of clarity, the antiradical power (1/IC 50, mL/µg) of the extracts is depicted in Figure 1 : the larger the antiradical power, the more efficient the antioxidant. The results of the quantitative analyses by HPLC-MS/MS clearly indicated that myricetin-3-O-rhamnoside and quercetin-3-O-rhamnoside were present in the extracts in much higher amounts than the investigated two diarylheptanoids, namely hirsutenone and oregonin (Table 1) . The correlation between the content of the two main flavonoid derivatives, namely myricetin-3-O-rhamnoside and quercetin-3-Orhamnoside in the extracts and the antiradical power presented in the DPPH in vitro tests was investigated by plotting the 1/IC 50 data as the function of the corresponding compound concentrations (data not shown). No correlation was found neither with the myricetin-3-O-rhamnoside nor with the quercetin-3-O-rhamnoside content of the samples, nor with the sum of the two. The interpretation of the antioxidant activity of complex mixtures of natural compounds, such as plant extracts, is rather limited: synergistic, antagonistic and additive interactions in redox and/or radical reactions can occur. The observation that no correlation was found between the antiradical power and the quantity of the main flavonoids in the extracts led us to conclude that the scavenger capacity of the major constituents was influenced by the minor compounds, e.g. diarylheptanoids and caffeic acid derivatives. Therefore, examination of the contribution of certain compounds to the total antioxidant activity was found to be reasonable. Coupling the DPPH assay to HPLC separation was considered the most appropriate method of choice for this purpose.
After spiking the Corylus samples with the DPPH radical solution, the decrease in the chromatographic peak areas of the main compounds was examined. The enlarged chromatograms (for better recognition of the minor constituents) of C. colurna bark ethyl acetate extract are presented in Figure 2 as an example. These results are in good agreement with literature data. In general, the rate of the radical quenching reaction of polyphenolic compounds is mainly determined by the bound-dissociation energy (BDE) of the phenolic O-H bond. Electron donating groups neighboring the reactive hydroxyl function lower the BDE(O-H), while electron-withdrawing groups produce the opposite outcome [8] . This phenomenon depends on the ability of the above mentioned groups to stabilize the phenoxyl radical formed after Hatom abstraction. Intramolecular H-bonding that involves either the reactive hydroxyl groups or a remote hydroxyl function also influences the antioxidant effect. The phenolic hydroxyl function acts as a H-bond donor and acceptor as well, therefore ortho hydroxyl groups are able to stabilize the phenol and, to a larger extent, the phenoxyl radical [8] . Accordingly, myricetin-3-Orhamnoside and quercetin-3-O-rhamnoside that bear pyrogallol and catechol moieties, respectively, presented enhanced radical quenching activity, with myricetin-3-O-rhamnoside being the most potent antioxidant. It has also to be mentioned that the number of free hydroxyl groups in the molecules increases in the following order: kaempferol-3-O-rhamnoside < quercetin-3-O-rhamnoside < myricetin-3-O-rhamnoside, and so does the antioxidant activity.
The positive effect of the catechol moiety on the radical scavenger activity of diarylheptanoids was also proved: oregonin (1,7-bis- ( 
and curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-hepta-1,6-diene-3,5-dione) were examined in the DPPH assay [9] . Oregonin and 1,7-bis (3,4-dihydroxyphenyl)-3-hydroxyheptane-5-O-β-D-xylopyranoside presented very similar activity; both appeared significantly more potent than trolox and curcumin, while no scavenger activity was measured regarding platyphylloside. BDE(O-H) calculations fully supported these results. The lowest BDE(O-H)s were obtained for oregonin and 1,7-bis-(3,4-dihydroxyphenyl)-3-hydroxyheptane-5-O-β-D-xylopyranoside. Besides, the BDEs for curcumin and platyphylloside were much higher due to the lack of the catechol group that made them less active DPPH scavengers.
In our experiments the decrease in the peak areas of diarylheptanoid aglycones, bearing a catechol function, namely hirsutanolol and 3-hydroxy-1,7-bis-(3,4-dihydroxypheyl)-hepten, was the most explicit (data not shown). It has to be mentioned here that steric accessibility is considered one of the major determinants of the DPPH quenching reaction, meaning that smaller molecules e.g. aglycones have better access to the radical site, thus showing better scavenger capacity in the test compared with their glycoside counterparts. It has also to be noted that most of the diarylheptanoids were present as minor compounds in the extracts, thus detection of the decrease in their peak areas was not feasible in every case. Based on our results the contribution of certain compounds to the total antioxidant activity could have also been estimated by calculating the ratio of the decrease in their peak area (ΔArea ratio) and the sum of the total peak area decrement. Evidently, these calculations can only be used if the stoichiometry of the DPPH scavenging of the main compounds is similar. Fortunately, the flavonol-3-O-glycosides and also the previously mentioned diarylheptanoids are able to scavenge the DPPH free radical in the ratio of 1:2-3 [9-10b]. Obviously, regarding the 'other', not identified, compounds no such data exist, thus the contribution of these constituents to the total antioxidant activity should be considered merely as an estimation. The detailed results are depicted in Figures S2-S4 , while Table 2 summarizes the results regarding only the main compounds of the extracts.
In general, the greatest diversity was observed in the leaves ethyl acetate extracts regarding the compounds that were shown to play a role in the DPPH scavenging activity ( Figures S2-4) . In C. avellana ethyl acetate extract myricetin-3-O-rhamnoside was dominant regarding the DPPH scavenging activity, whereas in the other two leaves ethyl acetate extracts no compound could be identified as the main constituent responsible for the antioxidant effect. In C. avellana and C. maxima leaves methanol extracts myricetin-3-Orhamnoside also played the most significant role in the free radical scavenging activity. As reported already [5a-c], the bark extracts in general were found to be less diverse regarding different components compared with the leaves extracts. Thus, it was perspicuous that the antioxidant compounds did not show as much diversity as in the leaves. The C. avellana and C. colurna bark extracts showed similar patterns: quercetin-3-O-rhamnoside was proved to be dominant. Results are presented in Figures S2-4 . It has to be noted that the percentages reported here cannot be considered as exact results, rather as estimations.
In C. avellana leaves ethyl acetate extract relatively high amounts of myricetin-3-O-rhamnoside and quercetin-3-O-rhamnoside were determined (Table 1) . According to the HPLC-based results the contribution of the two compounds to the DPPH scavenger activity was nearly 80% that resulted in moderate to high DPPH activity of the extract (Figure 1) . Similar results were obtained regarding the methanolic extract of the leaves; moderate to high content of the two previously mentioned flavonoids with nearly 90% contribution to the scavenger capacity determined moderate to high antioxidant activity for the whole extract ( Figure S2 ). In the bark extracts quercetin-3-O-rhamnoside was proved to be dominant regarding the DPPH scavenging effect; a moderate amount of this compound led to moderate antioxidant activity.
In the C. colurna leaves ethyl acetate extract the highest myricetin-3-O-rhamnoside content was measured among the investigated samples, although the contribution of this compound to the antioxidant activity was relatively low. Furthermore, only moderate scavenger capacity was measured regarding the whole extract. These results might indicate antagonistic interaction between the antioxidant components. A similar conclusion could have been drawn regarding the methanolic extract. The highest DPPH scavenging activity was obtained in the case of the C. colurna bark extracts. Quercetin-3-O-rhamnoside was found to be predominant in the antioxidant effect; this compound was present in relatively high amounts in the ethyl acetate extract. It was also observed that the methanolic extract possessed similar scavenging activity as the ethyl acetate extract, despite the significant difference in their quercetin-3-O-rhamnoside contents. This led us to suppose a synergistic interaction between the antioxidant compounds of the former.
In the C. maxima leaves extracts moderate amounts of myricetin-3-O-rhamnoside and quercetin-3-O-rhamnoside were determined, although the extracts showed low DPPH scavenging activity. This could be due to the large diversity of these extracts regarding antioxidant compounds that makes several interactions possible. In the bark extracts also moderate amounts of the two flavonoids were measured, but their contributions to the DPPH scavenger capacity was explicit, which led to moderate or low antioxidant activity regarding the whole extract.
Generally it can been concluded that the correlation between the amount of the main antioxidant compounds and the scavenger capacity of the extracts is not always equivocal and let us assume the presence of different interactions among the constituents. Our results could be successfully utilized in further studies aiming at the enhancement of the antioxidant capacity of the extracts by the preparation of fractions containing the most potent antioxidant compounds. For all the plant materials mentioned above, 50-50 g samples were collected from 3 trees after the flowering stage. Plant samples were authenticated in the Department of Pharmacognosy, Semmelweis University, Budapest, where voucher specimen are deposited.
Experimental
Extraction and sample preparation: Soxhlet extraction was performed using laboratory-scale apparatus. Dried and milled plant samples (10 g each) were extracted with 250 mL of n-hexane and chloroform for 6 h each at 60ºC consecutively, followed by ethyl acetate and ultimately methanol extraction for 6 h each at 90ºC. The extracts were evaporated to dryness under reduced pressure in a rotary evaporator at 50ºC. The dried extracts were dissolved in HPLC grade methanol (3-4 mL), and filtered through Phenex-RC 15 mm, 0.2 μm syringe filters (Gen-Lab Ltd, Budapest, Hungary).
Scavenging effect on DPPH (2,2-diphenyl-1-picrylhydrazyl):
Antioxidant activities of the C. colurna extracts and hirsutenone, quercetin, kaempferol, caffeic acid and ascorbic acid standards were determined using DPPH (2,2-diphenyl-1-picrylhydrazyl) as free radical. Ten mg of DPPH was dissolved in 25.0 mL HPLC grade methanol. Stock solutions were diluted, just before measuring, with HPLC methanol, so that the absorbance of the diluted free radical solutions was approximately 0.90. In radical forms DPPH has an absorption maximum at a characteristic wavelength of 515 nm. During the assay, 50 μL of the samples of 5 different concentrations were added to the free radical solutions and the decrease in the absorbance was measured by a Hitachi U-2000 spectrophotometer at the characteristic wavelength for 6 min. From the decrease in absorbance, the percentage of inhibition was calculated. The percentages of inhibition were plotted vs. the concentrations. The 50% inhibition concentrations (IC 50 ) were determined by linear regression analysis [10c].
HPLC-based DPPH scavenging assay: One hundred µL of the Corylus extracts of certain concentrations dissolved in methanol and 100 µL of the DPPH solution (1.2 mg/mL in methanol) were mixed and incubated for 30 min at room temperature, protected from light. Then the reaction mixture was directly analyzed by HPLC-DAD-QMS. The concentration of the extracts used for the analyses was adjusted by the evaluation of the chromatograms after mixing them with the DPPH solution of different concentrations within the range of 1.0-5.0 mg/mL. The concentration was chosen where the decrease in the peak area of myricetin-3-O-rhamnoside, or, if present in small amounts, that of quercetin-3-O-rhamnoside, reached its maximum,. The control samples were prepared by the addition of 100 µL methanol to 100 µL of the extracts. ΔArea and ΔArea ratio were calculated according to the following equations: ΔArea = peak area 1 -peak area 2; Decrease in the peak area (%) = (ΔArea/ peak area 1 )100%; ΔArea ratio= (ΔArea/Σ ΔArea)100%; where ΔArea (mAus) is the change in the peak area; peak area 1 (mAus) is the area of the compound's chromatographic peak in the control sample; peak area 2 (mAus) is the area of the compound's chromatographic peak in the DPPH spiked sample.
HPLC-DAD-QMS conditions were as follows: For chromatographic separation an Agilent 1100 HPLC system (G1379A degasser, G1312A binary gradient pump, G1329A autosampler, G1316A column thermostat and G1315C diode array detector) was used (Agilent Technologies, Waldbronn, Germany). The Corylus samples were separated on a Kinetex-XB C18 column (150 × 4.6 mm, 2.6 μm; Agilent Technologies, Waldbronn, Germany) maintained at 40°C. Injection volume was 10 μL. Mass spectrometric parameters were as follows: ion source: ESI, negative, drying gas (N 2 ) temperature: 350°C, drying gas (N 2 ) flow rate: 12 L/min, nebuliser gas (N 2 ) pressure: 10 psi, fragmentor voltage: 120 V, capillary voltage: 4000 V.
